We theoretically and experimentally demonstrated a novel photonic approach to generating ultrawideband (UWB) pulses with large carrier frequency tunability based on an optical carrier phase-shifting technique by cascading polarization modulators (PolMs) and a polarizer. The UWB pulses are generated by truncating a continuous wave (CW) RF signal into a pulsed signal in a photodetector (PD). The experimental results show that the baseband frequency components and the strong residual local oscillator (LO) signal are well suppressed. In addition, the generated UWB signals satisfy the Federal Communications Commission (FCC) spectral mask very well.
Photonic Generation of Ultrawideband Signals With Large Carrier Frequency Tunability Based on an Optical Carrier
Phase-Shifting Method
Introduction
Ultra-wideband (UWB) signal has been a hot topic over the past few years for wireless communications and sensor networks because of its many advantages, e.g., low power consumption, immunity to multipath fading, and low interference with other narrow bandwidth communications [1] - [3] . The Federal Communications Commission (FCC) has defined the UWB as a radio technique with bandwidth larger than 500 MHz or larger than 20% fractional bandwidth and power density lower than À41.3 dBm/MHz. Several frequency bands have been regulated for UWB applications, including the centimeter wave (CMW) band from 3.1 to 10.6 GHz for indoor communications and the millimeter wave (MMW) band between 22 and 29 GHz for outdoor communications [1] . To overcome the short propagation range of the UWB signals, which is generally limited by the extremely low power density, UWB-over-fiber systems have been proposed to increase the transmission range [2] , [3] . Therefore, it is highly desirable to directly generate UWB signals in the optical domain [4] - [18] . We focus on the generation of UWB signals using photonic method in this work. So far, photonic generation of UWB signals has been proposed based on various methods [4] - [17] . For CMW UWB generation, cross gain or cross phase modulation in semiconductor optical amplifier (SOA) [4] , [5] , phase-to-intensity modulation conversion [2] , and four-wave mixing in highly nonlinear fiber have been exploited [6] , [7] . These methods are equivalent to microwave photonic filters with positive and negative coefficients [8] . To fully satisfy the FCC mask, multi-tap microwave photonic filters have to be implemented [8] - [10] , which increases the complexity of the system. On the other hand, directly photonic frequency up-conversion has been considered as one of the promising solutions for MMW UWB signals generation [11] - [14] . The baseband UWB signals can be up-converted to the MMW band based on a fiber optical parametric amplifier [11] , four-wave mixing effect [7] , and a Mach-Zehnder modulator [12] , [13] . It is noticed that the up-converted UWB signals have a strong residual local oscillator (LO) component due to the beating between two distinguished optical carriers [11] - [13] . This strong residual LO component will reduce the dynamic range of the receiver and violate the FCC spectral mask for noninterference operation with other wireless standards. Therefore, power attenuation has to be done to match the FCC spectral mask, which in turn sacrifices the spectral efficiency. In spite of the strong residual LO signal, the baseband UWB signals can also be detected in the photodetector (PD). The baseband frequency components are usually undesirable because they will interfere with other narrowband standards.
Several methods have been reported to suppress the strong residual LO signal and the baseband frequency components [14] - [18] . In [14] , the strong residual LO signal was suppressed using an intensity modulation scheme with high extinction ratio. However, the baseband frequency components were still existed, which can be eliminated by time-domain Bbackground-subtraction[ method using a balanced PD [15] . Other techniques reported in [16] - [18] can suppress the strong residual LO signal and the baseband frequency components at the same time by means of optical frequency shift keying modulation [16] or optical switch [17] , [18] . In [17] and [18] , the UWB signals are generated by switching the optical signals between two states, one of which has only a pure optical carrier. The other state consists of both the optical carrier and the modulation sideband. However, the carrier frequency of the generated UWB signal is restricted by the bandwidth and the roll-off property of the optical bandpass filter used in [17] . Moreover, the scheme presented in [18] is highly sensitive to the environmental fluctuation due to the polarization splitting and combining in a Mach-Zehnder structure.
In this paper, we present a novel photonic signal mixing approach to generating UWB pulses with large carrier frequency tunability based on optical carrier phase-shifting technique by cascading polarization modulators (PolMs) and a polarizer. An optical carrier and two modulation sidebands with orthogonal polarization states are generated by the first PolM driven by a sinusoidal RF signal. The optical carrier phase-shift (i.e., the phase-shift between the optical carrier and the two sidebands) is controlled by the electrical driving signal of the second PolM. The polarizer is added to combine the optical carrier and the sidebands to a fixed linear polarization state. For ¼ =2, the RF signal cannot be detected in the PD because the beat signals between the optical carrier and the sidebands cancel each other out perfectly. For 6 ¼ =2, the RF signal can be recovered in the PD. The power of the recovered RF signal reaches the maximum for ¼ 0 or . As a result, the UWB signals can be generated by truncating the continuous wave (CW) RF signal into a pulsed one in the PD. The baseband frequency components are well suppressed because the optical power launched to the PD keeps constant all the time. Meanwhile, the strong residual LO signal is also suppressed since the CW RF signal is completely turned off for ¼ =2. The carrier frequency of the generated UWB signal is widely tunable because there is no optical filter used in our scheme. The feasibility of the proposed scheme is theoretically analyzed and experimentally verified. The generated UWB pulses satisfy the FCC masks very well.
Principle
The schematic diagram of the proposed scheme is shown in Fig. 1(a) , which consists of a laser diode (LD), two PolMs, a polarizer, two polarization controllers (PCs), and a PD. A sinusoidal RF signal with amplitude of V RF and angular frequency of ! RF is driven to the first PolM to produce an optical carrier and two sidebands. Mathematically, the optical field at the output of the PolM is given by [19] 
where ! 0 is the angular frequency of the optical carrier. 1 is the phase modulation index of the first PolM, expressed in radians as 1 ¼ V RF =V 1 , and V 1 is the half-wave voltage of the first PolM.x andŷ are aligned with the two principal polarization axes of the first PolM, respectively. The phase difference between the two polarization states is ignored. Applying the Jacobi-Anger expansion to Eq. (1), we have
where J n ðÁÞ is the Bessel function of the first kind of order n. Considering the small-signal modulation condition, Eq. (2) can be simplified as
where the polarization axes ofx 0 andŷ 0 are aligned withx þ 45 andŷ þ 45 , respectively. The optical carrier and sidebands are polarized at 45 and À45 relative to the x axis of the first PolM, respectively [20] . The principal polarization axes of the second PolM are oriented at an angle of 45 to that of the first PolM via adjusting the PC1. It is known that the modulation indexes of the PolM are opposite for the TE and TM modes. Therefore, the optical carrier and sidebands experience different phase modulations. The optical field at the output of the second PolM can be expressed as
where V 2 is the half-wave voltage of the second PolM, and is the ratio of phase modulation efficiency for the TM polarization to the TE polarization. For the PolM, we have ¼ À1. V ðt Þ is the electrical signal applied to the second PolM. The polarizer oriented at an angle of 45 to one principal axis of the second PolM is used to combine the optical carrier and the sidebands to a fixed linear polarization state. The optical field at the output of the polarizer can be expressed as 
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After the polarizer, the optical signal is detected in the PD. The photocurrent is given by
The photocurrent consists of ac and dc parts. A sinusoidal RF signal at the frequency of ! RF is recovered, whose amplitude is determined by a sine term. For V ðt Þ ¼ 0, the RF signal cannot be detected in the PD, as shown in Fig. 1(b) . It can be expected that the strong residual LO signal could be well suppressed since the CW RF signal is completely turned off when V ðt Þ equals to 0. For V ðt Þ 6 ¼ 0, the RF signal can be detected in the PD, as shown in Fig. 1(c) . In this way, UWB signals can be generated by truncating the CW RF signal into a pulsed RF signal. For V ðt Þ 9 0 or G 0, the phase of the recovered microwave signal will be 0 and , respectively. Therefore, the proposed method can also be used to generate binary phase-coded microwave signal, which has been demonstrated elsewhere [19] . On the other hand, the dc part of Eq. (6) is independent of the electrical signals applied to the second PolM, which means that the baseband frequency components are eliminated because the total optical power launched to the PD keeps constant all the time.
Experiments and Results
Experimental verification of the proposed scheme was carried out based on the experimental setup shown in Fig. 1(a) . The second PolM shown in Fig. 1(a) was replaced by a phase modulator (PM) because we have only one PolM in our laboratory. It is noted that we have % 1=3 [19] for the ithium-niobate PM rather than ¼ À1 for the PolM. The principal polarization axes of the PolM, the PM, and the polarizer were set as described in Section 2 by adjusting the PCs. A linearly polarized optical carrier from an LD emitting at a wavelength of 1550 nm was fiber-coupled to the PolM. A polarizer is integrated at the input of the PolM with an angle of 45 to one principal axis of the PolM. A sinusoidal LO signal from an electrical signal generator (ESG) was fed to the PolM. The PM was driven by a rectangular signal from a pulse pattern generator (PPG). The PPG was custom-defined as a 32-bit fixed pattern B1110 0000 . . . 0000[ (three B1[ every 32 bits).
First of all, the proposed system was tested for MMW UWB signal generation. To this end, the sinusoidal LO signal from the ESG was set at a frequency of 26 GHz to match the FCC spectral mask. The PPG was triggered by the LO signal from the ESG after a 1/2 frequency divider. Therefore, the PPG operated at a speed of 13 Gb/s with the peak-to-peak amplitude of 1 V. This is equivalent to a pulse train with a repetition rate of $400 MHz and a duty cycle of 3/32. Fig. 2(a) shows the measured MMW UWB pulse at the RF carrier frequency of 26 GHz, which was captured by a sampling oscilloscope. To clearly show the MMW UWB pulses, the generated signals were measured in a larger time scale of 5 ns, as shown in Fig. 2(b) . The duty cycle of the pulse train is 3/32 as expected. It is apparent that the CW RF signal was truncated into RF pulses with pulse duration of 0.23 ns. It can be expected that the baseband frequency components of the generated UWB pulses could be eliminated in the electrical domain since there is no pedestal in the timedomain pulse. Fig. 3 shows the electrical spectrum of the generated MMW UWB signal, which was measured by an electrical spectrum analyzer (ESA). The electrical spectrum is centered at the frequency of 26 GHz with a frequency interval of $400 MHz between the adjacent frequency components as expected. The electrical spectrum consists of a mainlobe and a series of sidelobes, which can be attributed to the Fourier transform of the rectangular envelope of the RF pulses. It is worth noting that the undesirable baseband frequency components and the strong residual LO signal are well suppressed. The FCC spectral mask for outdoor UWB systems is also shown in Fig. 3 . It can be seen that the electrical spectrum satisfies the FCC mask very well.
To show the RF carrier frequency tunability of the proposed system, CMW UWB signal was also generated by tuning the LO signal coming from the ESG to a frequency of 7 GHz. To fully fill the FCC mask for indoor communications, the PPG still operated at the speed of 13 Gb/s. This time, however, the PPG cannot be triggered by the RF signal (7 GHz) from the ESG. As a result, we cannot measure the UWB pulse in the time domain since the sampling oscilloscope cannot be synchronously triggered either. In this context, the electrical spectrum of the generated CMW UWB signal was measured, as shown in Fig. 4 . The electrical spectrum is centered at 7 GHz with a frequency interval of $400 MHz between the adjacent frequency components. In order to clearly show the difference between the suppressed baseband frequency components and the sidelobe of the generated UWB signal, the suppressed baseband frequency components is drawn in red line in the frequency range from dc to $2 GHz. It can be seen that the baseband frequency components are well suppressed. The FCC spectral mask for indoor UWB systems is also shown in Fig. 4 . The generated CMM UWB spectrum satisfies the FCC mask very well except for the dip from 0.96 to 1.61 GHz. The dip was contaminated by the frequency components of the sidelobe. The envelope of the generated electrical spectrum shown in Fig. 4 is a sinc function, which is the Fourier transform of the rectangle pulse. The sidelobes could be eliminated if an electrical Gaussian pulse is applied to the PM instead of the rectangular pulse. It is worth noting that, for the proposed method, the carrier frequency can be tunable in a large frequency range which is only limited by the bandwidth of the devices used in our experiment. The long-term stability of the proposed system may be affected by the stability of the PolM, PM, PCs, and polarizer. However, the stability of the system can be improved if polarization maintaining fibers are used instead of PCs. Moreover, the stability of the system can be further improved if the PolM, the PM, and the polarizer are integrated on one chip.
Conclusion
We have theoretically and experimentally demonstrated a photonic approach to generating UWB pulses with large carrier frequency tunability based on an optical carrier phase-shifting method by cascading PolMs (or PM) and a polarizer. The UWB signals were generated by truncating the CW RF signal into the pulsed RF signal in the PD. The baseband frequency components and the strong residual LO signal were well suppressed. The carrier frequency tunable UWB signals were experimentally generated in the CMW band at the carrier frequency of 7 GHz and in the MMW band at the carrier frequency of 26 GHz. In addition, the experimental results show that the generated UWB pulses are well FCC-compliant.
